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Abstract 


A scale model of a VSTOL tilt nacelle with a 
0.308 m single stage fan was tested in the NASA 
Lewis 9^15 Low Speed Wind Tunnel to ascertain inlet 
aerodynamic and fan .vironiechanical performance over 
the low speed flight envelope. Fa^ blade stress 
maxima occurred at discrete rotational speeds cor- 
responding to integral engine order vibrations of 
tile first flatwise bending mode. Increased fan 
blade stress levels coincided with internal bound- 
ary layer separation occurring but became severe 
only when the separation locatioi. had progressed to 
the entry lip region of the inlet. The inlet/fan 
system could operate within the low speed flight 
envelope without incurring fan blade stress limits 
although boundary layer separation did occur for 
certain operating conditions. 
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Symbols 

fan face annulus area, 0.160 
(1.72 ft2) 

Inlet hlllte area, 0.177 
(1.90 ft2) 

Inlet throat area, 0.171 
(1.84 ft^) 

inlet area contraction ratio 

distance normal to local inlet 
surface 


-T— — fan face specific corrected airflow 

X inlet axial coordinate 

a angle-of-attack 

0 fan blade vibratory stress 

a maximum Allowable fan blade vibratory stress 

max 8 2 L 0 

N/m p-p (3.5-'l0 Ib/in. p-p) 

$ angular coordinate (counterclockwise looking 

downstream) 

Introduction 


A number of potential configurations have been 
advanced as candidates for the Navy Type A VSTOL 
aircraft. One such design is the tilt nacelle con- 
cept shown in figure 1. 


la the vertical ascent or descent taode, Che 
engine nacelles are rotated to approximately 90* 
with respect to tne aircraft axis as shown in Fig. 
1(a). The throat from the two tilt nacelles provide 
two support posts for Che aircraft %diilc Che third 
is provided by the nose fan which is driven by the 
tilt nacelle powerplanta. 


In the cruise mode the nacelles are rotated so 
as to roughly align with the aircraft axis aa shown 
in Fig, 1(b). The nose fan is not employed in the 
cruise mode. 


«bl 

boundary layer rake height, 
0.191 m (0.0626 ft) 

L 

inlet axisl length, 0.416 a 
(1.36 ft) 

M 

fen rotati<msl speed 


local total pressure recovery 


fan face area weighted total 
pressure recovery 


fan face area weighted total 
preaaure distortion 

p/pt^ 

local surface static praasura 
ratio 

■hi 

local hillta radius 

*bub 

fan fact hub radius , 0.118 m 
(0.384 ft) 

*tkro«t 

local th.oat radius 

^lp 

fan face tip radios, 0.254 m 
(0.833 ft) 

S 

inlet aurfaca coordinate 


fret at ream velocity 


The inlets for the tilt nacelles will experi- 
ence blgh angles-of-attack et the low foxverd veloc- 
ities characteristic of the take off and landing 
maneuvers. Representative opereting conditions as 
dstemined by mission studies for such inlets sre 
shown In Fig. 2. It can be seen *:hst tilt nacelle 
Inlets can experience angles -of -attack aa high as 
120* at a flight velocity of 21 m/tcc (40 knots). 

Such ssvere operating conditions can result in 
boundary-layer separation within the inlet resulting 
in increases in total pressure distortion prseented 
to the powerplaat. A major concern is that the 
internal flow separation can result in intolerable 
levels of fan blade vibratory stress which could In 
turn result In fan bind# failure. 

A number of experimental programa have been con- 
ducted in the pA*t which were concerned with the 
aarodynaaie charactariatica of STOi inlata whan in- 
ternal flow aaparation occurred* Sinea an inlet 
for a VRTOL application would la ganoral have in- 
craaaad angle -of -at tack raquiraMnu» the af facta of 
Internal flow aaparation would be axpactad to bo 
more aavara both on inlet parformanco and raaultant 
fan blade atraaa lavala. 

In order to evaluate the aarodynamic- 
aaromschanical intarralationahipa and thua to help 
avaluaca the viability of the tilt naealla concept » 
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a joint t^st progran was initiated between NASA 
Lewis Research Center and Boeing Military Airplane 
Development to test a scale niodel of a candidate 
tilt nacelle design with a single stage fan. The 
intent was to document the inlet aerodynamic and 
fan aeromechanical performance over the low speed 
operational envelope of Fig, 2. The overall re- 
sults of the test program arc discussed in Ref. 7. 
This paper will concentrate on one of the five de- 
sign goal points (V„ ■ 54 m/sec (105 knots) , 
a • 75") and discuss the salient inlet aerodynamic 
features and the resultant fan blade vibratory 
stress signature. Finally the blade stress induced 
limits on the safe naceile operating envelope will 
be discussed. 

Apparatus and Procedure 

Test Model 

A schematic of the inlet-fan combination is 
biiown In Fig. i. 

The inlet was designed by Boeing Military Air- 
plane OevelopiLent to be a candidate design for a 
tilt nacelle subsonic VSTOL aircraft. The inlet is 
an asymmetric design with a local contraction ratio 
l^*^hroat^^^ from 1.76 in the windward 

plane to 1,30 in the leeward plane. The oveiall 
inlet contraction ratio (A^^^/Athroat) 1.^0, 

The intent of the design is twofold: (1) to 

provide a high enough contraction ratio in the wind- 
ward region to minimize the static pressure gradi- 
ents Imposed on the Internal boundary layer and, 
hopefully, inhibit boundary layer separation and 
(2) to keep the overall inlet contraction ratio low 
enough to del^y the drag rise Mach number to a suf- 
ficiently high value. A further discussion cf the 
inlet design philosophy is given in Ref. 8. 

The fan is a single stage 0.5G 6 m diameter 
design which has a pressure ratio and tip speed 
representative of the Type A V/STOL aircraft appli- 
cation. At the nominal design speed of 6020 rpm» 
the fan pressure ratio is approximately 1*17 and 
the tip speed is 213.5 m/sec. At the maximum fan 
speed of 120 percent of the design value ^ the fan 
pressure ratio is 1.25 and the tip speed is 256 m/ 
sec. 

The fan has 13 rotor blades and 25 stator 
blades with a rotor-stator spacing of approximately 
one rotor tip chord length. The rotor blades ware 
fabricated from a titanium alloy and have circular 
arc airfoil sections. 

The fan has provisions for adjuacl»;g the blade 
pitch and hence has no midspan daag»era. All test 
runs were conducted with the blades set at the de- 
sign angle. 

The fan is driven by e four -stage turbine 
powered by high pressure, heated air dalivered to 
tha turbina through flow paasagas in the model sup- 
port strut. 

The fan nogtle axit araa was aiitd to dupli- 
cata as cWely as possible the opersting line used 
in s previous full scale iclet-en|ine taut in the 
NASA Ames full scale wind tunnel. " 

A more complete discussion of the aerrdynsmic 
characteristics of ths fan can ba found in lef. 9, 


The model instrumentation is shown In Fig. 4. 

The inlet had axial rows of static pressures 
local. .'d at three circumferential angles. For this 
discussion, only the windward plane distributions 
will be presented. 

Two removable six tube boundary layer total 
pressure rakes w^re located about midway Ir. the dif- 
fuser of the inlet (X/L « 0.63) to determine the 
quality of the diffuser flow. One of the rakes was 
located 5® from the windward plane while the second 
was located 50* from the windward plane. 

The quality of the flow entering the fan was 
determined through the use of six equally spaced 
total pressure rakes each containing 19 total pres- 
sure probes. (One rake was located In the windward 
plane.) Six of the probes on each rake were posi- 
tioned to provide an equal area weighted measurement 
of the fan face flow while the remaining tubes were 
positioned so as to provide a more detailed measure- 
ment of the outer surface boundary layer and mid- 
channel flow. The closest total pressure probe to 
the outer wall was located 0.6 percent of the duct 
height away from the wall. 

Six outer surface static pressure taps were lo- 
cated in the fan face plane and located midway be- 
tween the fan face rakes. 

To detect the onset of Internal flow separation 
within the inlet, a miniature dynamic high response 
total pressure transducer was mounted in the fan 
f.ice rake plane 2.79 cm from the outer surface and 
displaced 7.5* from the windward plane. The rms out- 
put of the transducer was displayed on line during 
the test. 

The fan blade vibratory stresses were measured 
using three strain gages located at the root of the 
suction side of the chosen blades at approximately 
the mid chord poaitlon. This position was responsive 
to all blade vibrational modes and each sualn gage 
was calibrated in terms of the maximum stress for 
each mode. All three gages were monitored H.uring 
the test and indicated essentially Identical read- 
ings. Thus for purposes of this discussion only one 
of the three strain gage signals was analyzed. 

Test Facility 

The test discussed herein was conducted in the 
NASA Lewis 9«15 Low Speed Wind Tunnel which is an 
atmospheric total pressure facility with a free 
•cream velocity range of 0 Co 75 m/sec. 

A photograph of the model Installed in the test 
section is shown in Fig. 5. The model rotates In a 
horizontal plane about a vertical support post which 
also provides a passage for the high pressure turbine 
drive air. A portion of the adjacent wind tunnel 
vertical wall was removed to allow the fan and tur- 
bine exhaust fans to pass through the wind tunnel 
during the high anglea of attack. 

Taat Procadure 

A major coneam during the test vas tha safaty 
of tha fen since It was entlclpeted that at tha ex- 
trema operating coodltlona, fan blada streaeas In 
axcesa of limit valuaa could be encountered. Such e 
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concern dictated that the following test procedure 
be employed. 

Initially a low free stream velocity and angle- 
ot-attack were established with the fan operating 
at a low speed (-1000 rpm) which usually corre- 
sponded to separated inlet flow. The fan epeed was 
thus increased while the stress levels were contin- 
ually toonitored until a speed of about 8000 rpm was 
reached. If at any time the fan blade stresses 
reached a limit value, the test sequence was imme- 
diate Iv discontinued and the fan speed reduced to a 
sate condition. Such a sweep in fan speed w-^s 
termed a safety sweep. 

Once the safety sweep had established that fan 
blade stresses were not excessive, the fan speed 
was slowly decreased until the dynamic pressure 
transducer showed increased activity which was in- 
dicative of boundary layer separation. A number of 
steady state data points were then taken to deter- 
mine the actual onset of separation through the in- 
spection ot the windward plane fan face total pres- 
sure rake profiles. Additional data points were 
also taken to document Inlet/fan performance with 
Increasingly severe degrees of separation as well 
as with an attached boundary layer flow. 

At each free sLrraa velocity the angle-of- 
attack was increased in increments of 13* beginning 
with a ■ 0* and the above described process re- 
peated until limiting values of stress or the de- 
sired angle-of-attack was reached. This process 
was then repeated for increased free stream veloci- 
ties . 

In this manner, the envelope of safe operating 
conditions was Investigated (Fig. 2). 

Results and Discussion 

As already Indicated, one of the five low 
speed design goal operating points was chosen for 
analysis and presentation. The results to be shown 
were typical of the overall test results. 

Figure 6 presents the fan blade vibratory 
stress signature measured for • 34 a/sec 
(103 knots), a » 73*. Also shown for comparison Is 
the stress signature for 54 m/sec (103 knots), 

a - 0*. 

Ine first, flatwise bending aode stress signa- 
ture is shewn as a percentage of the aaximua allow- 
able stress as a function of both inlet specific 
corrected airflow (Wv'?/6A{() and fan rotational 
spaed (N). The teat results indicated the only 
significant mode of vibration present was the first 
flatwise banding mode. The maximum allowable vi- 
bratory stress as determinad by a combined 
analytical/experimcntal procedure was 2.4»10^ H/wr 
paak-to-peak (3,5*10^ Ib/ln,^ p*p). 

The stri;ss signature can be characterized as 
having two components: a broadband lava! suparlm- 

posed on which are a aeries of disc rets narrow 
spaed band peaks, nteae discrete narrow peaks cor- 
respond to Integral numbers of blaite vibration 
cycles per rotational cycle and hence are desig- 
nated as the integral angina order vibrations 
(BO* a). That la the angina order three (C03) vi- 
bration corresponds to three cyclas of vibration 
par rotational cycle. 
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The integral engine order v1br*iLions always 
occur at the same rotJ*tional speeds, but the corre- 
sponding inlet airflow will vary with free stream 
veloci ty . 

The stress signature corresponding to o • 73* 
indicates tnat engine order three through six vibra- 
tions (E03 through E06) were present with the engine 
order five vibration (£05) reaching approximately 
80 percent of the limit value. 

A comparison of the two stress signatures shown 
indicates the significant effect the inipt aerody- 
namics have on the resulting vibratory blade stress 
levels. The signature corresponding to a * 0* 
inlet/fan operation can be characterized as a flat 
broadband profile with small Increases In stress 
level corresponding to the E03 , E04 , and E05 vibra- 
tion peaks. Tne raxlmum stress level corresponds to 
the E03 vibration peak and is less than 10 percent 
of the maximum allowable stress level. Increasing 
the angle-of-attack to 73* and repeating the sequence 
results in a significantly different stress signa- 
ture, The broadband stress level is no longer flat 
but shows a large increase In the neighborhood of 
4000 rpm. The engine order vibration peaks are also 
increased in level over the corresponding a ■ 0* 
levels. In addition the relative levels ot the 
engine order peaks are changed from the a ■ 0* sig- 
nature. 

In order to understand the cause/effect rela- 
tionship between the inlet aerodynamics and the blade 
stress signature already shown, the appropriate in- 
let aerodynamic data will be presented and discussed. 

Figure 7 relates the overall inlet performance 
in terms of the usual inlet parameters of area 
weighted total pressure recovery and total pressure 
distortion to the stress signature for a • 75* al- 
ready shown. The recovery levels were calculated 
from the fan face rake measurements by taking all 19 
probes into consideration. Two distortion calcula- 
tions are shown - one corresponding to deleting the 
outer nine percent of the fan face annulus area and 
the other corresponding to deleting the outer 26.6 
percent of the area. The filled symbols indicate 
that separated flow was indicated by the windward 
plane fan face rake profile. 

The figure indicates that the inlet total pres- 
sure recovery levels are high regardless of the 
level of fan blade stress level encountered. The 
recovery is in excess of 99 percent when the bound- 
ary layer Is attached and drops to only 97 percent 
for the lowest inlet airflow for which data were 
recorded. 

It should be pointed out that boundary layer 
separation is encountered ae the fan speed and hence 
inlet airflow level are decreased from higher to 
lower levcle (that is, proceeding from right to left 
on this and subsequent figures). As might be ex- 
pected as the inlet airflow la reduced and separa- 
tion is detected, both of the calculated distortion 
parameters increase , reach a maximum value and then 
decreaae for further reductions In inlet airflow. 

The maximum level of distortion can be seen to occur 
at approximately the same inlet airflow as does the 
maximum blade stress lavel. 

The 91 percent area distortion paramatar has 
much hlghar attached flow distortion levels than 
doss the 73.4 percent area paramatar. This can be 
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act that the 91 percent area 
1 pressure measurenents -hlch 
ched boundary layer for l • dis- 
lat Ion. llie high levels cl 
rtion tend to mask the effect of 
distortion on the blade stress 
in Kig. 7. That la the dlstor- 
atlvely high for low stress on- 
Increase appreciably for those 
h the blade stress does increase 
s fact was noted for all the 


Such an occurrence prompted the Introduction 
of the 73.4 percent area distortion parameter which 
waa defined to consider only those measured total 
pressures wtilch are outside the attached flow bound- 
ary layer. As Fig. 7 Indicates, the variation of 
the 73.4 percent area distortion parameter does 
tend to agree taore with the blade stress <(ignaturc 
Ir a qualitative fashion. 

Figure 7 also indicates that a significant re- 
duction in inlet airflow could be effected once 
separation ia first observed prior to reaching the 
■axlaum vibratory stress level. This result waa 
also observed throughout the test program. 

Ihc cosblnation of high total pressure recovery 
and high distortion implies that that a small region 
of locally low recovery exist at the fan face. 

This will be illustrated in the following figure. 

Figure 6 relates the inlet eerodynamlc charac- 
teristics to the fan blede vibratory stress charac- 
teristics for a series of inlet airflows. For each 
airflow, the figure shows the stress signature al- 
ready dlacussedi the fen face total pressure con- 
tour map, the appropriate Individual fan face rake 
profiles, and the two mid-diffuser boundary layer 
rake profiles. Figure 9 presents the windward sur- 
face static pressure distributions for the esme 
airflows. 

For ths high inlet airflow (168 kg/sec-«^. 

34 Ibm/scc-ft^) shown in Fig. 8(a) » the stress 
Isvcl is low ('3 percent) and the contour map indi- 
cates an sayanstrlc boundary layer thickness dis- 
tribution. a fact substantiated by the windward and 
Issward fan face rake profilaa shown which both 
show attached flow profiles. Llkcwiat ths two mid- 
dlffuaar profiles Indlcata an attached boundary 
layer flow mlchough soma profile diatorclon ia 
noted for the 9*3* raka. It should be noted 
that the radial position scales for the boundary 
layer sad fan fact raka profiles are tha sans which 
allow a direct conparlaon of tha profilaa to be 
Bide, 

It ie Interesting to note that while tha 
stress level corresponding to an inlet airflow of 
161 kg/aac-n^ (34 Ibm/sac-ft*) is low, an Inc rasas 
in Inlet elrflow to that corresponding to the en- 
gine order three (E03> vibration results la a slt- 
ebla stress laval (^30 percent). Tha 103 vibration 
peak la algnlflcant even though tha Inlet boundary 
layer flow la dsflnltaly attached. It la hypothe- 
elsed that an attached asynaatric boundary layer 
thickness distribution at the fan face Ilka that 
thmm In Fig, 8(a) la reaponglble for the increased 
•tress level. 

As the inlet airflow is reduced to 147 kg/ 
•nc-B^ (30 Ibn/sec-ft^) as shown in Fig. 8(b), the 


contour map shows little apparent variation from 
that of thi.* higher airflow already shown. However, 
the windward plane (C - 0*) fan face rake profile 
Indicates separated flow exists at the tan face. 

The fully developed profile corresponding to the 
I - 60* rake indicates the separ.itlou ts a local- 
ized phenomenon which exists over only a small sec- 
tor of the fan face plane. The 9 ■ 5* mid-dlffuser 
boundary layer rake shows a distorted although still 
attached protile indicating the separation location 
la downstream of the measurement plane. The 9 - 50* 
rake still Indicates a well developed boundary layer 
profile. 

For future reference, this condition shown In 
Fig. 8(b) will be termed that condition correspond- 
ing to the onset of diffuser separation and will be 
Indicated as DS on future stress plots. 

If the windward surface static pressure distri- 
butions corresponding to the two conditions already 
discussed are examined (Fig. 9), little if any indi- 
cation of the occurrence of boundai*y laver separa- 
tion can be detected as the proflleii are qualita- 
tively very similar in nature. 

A alight reduction in inlet airflow to chat 
level corresponding to the engine order four vlbre- 
Cion results in a significant increase in stress 
level (-35 percent). Apparently the rather small 
zone of separated flow present is sufficient to In- 
duce on Increased vibration amplitude. This is 
especially noticeable when the E04 vibration level 
(-35 percent) Is compared to the E04 level corre- 
sponding to a ■ 0* operation (-5 percent). 

It la Important to note that the location of 
the initial point of boundary layer sepai 'ion is 
atable. That is as long as the inlet aiiW w la 
kept constant Che separation does not inyagite tor- 
ward Co the entry lip region of the ini**!- 

Figure 8(c) corresponds to the inlet airflow 
(119 kg/eec-D^, 24 Ibm/sec-ft^) for wh.th the fan 
face dietortlon level waa the highest tegkwrcd to 
the free stream conditions (V., a) bcim, . cussed. 

The broadband etreaa level increased sign i ; icancly 
over Chat fer the two hour alrflowt already dis- 
cussed. The "acour map shows a relatively exten- 
aivt apoile.. sector which extends over about a 
90 dagree clrcumferantial axtant. 

Tha ' ndward plana fan face raka profile shows 
a large a< ..«ated zona extending over about 30 per- 
cent of the duct height. The total pressure levels 
near tha outer (tip) surface ere leas than tha local 
outer surface static prassura. This could be indic- 
ative of a region of rtvarsed flow axis ting with tha 
total praaaura probes assantially reading a oaaa 
praaaura level. The occurrence of this supposed 
flow reversal appaara to coincide with the maximum 
at rasa lave is encountered during the test (for any 
given V^, a). 

The fan fact profile at 9 • 60* still shows 
an attached profile which Indicates the circumferen- 
tial axtant of tha separatad lona is lass than 120* 
(±60*). 

tha 9*3* Bid-dlffuaer boundary layer raka 
profile indicataa tha location of saparatlon waa 
vail forward of this station. The profile for 
9 • SO* is attached although profile distortion 
la evident • 
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The corresponding windward surface static pres- 
sure distribution (Fig. 9) shc^s a distinct pres- 
sure plateau indicative of boundary layer separa- 
tion which starts at approximately the inlet 
‘throat station. The difference in characttr be- 
tween the pressure profile and the preceding ones 
is evident. 

It can be hypothesized that the level of fan 
blade stress is mainly a function of the distortion 
level (an intensity) as well as the distortion pat- 
tern (an extent). The significant increase in the 
£03 stress level seems to agree with this hypothe- 
sis as both the distortion Inteniity and extent in- 
creased when compared to the data shown for the 
previous inlet airflows. 


reaches the vicinity of the Inlet lip. It should 
be noted that the two boundaries shown in Fig. 10 
hold only for a free stream velocity of 54 m/sec 
(105 knots). Different absolute boundaries would 
exist for each free stream velocity. 

The figure indicates that a significant reduc- 
tion in Inlet alrflov be tolerated once dif- 
fuser separation occurs prior to the separation lo- 
cation reaching the vicinity of the inlet lip. It 
Is important to restate that for the test conducted, 
the separation location was stable and the inlet/ 
fan combination would be operated indefinitely in 
the shaded region without any uncontrolled movement 
of the separation location occurring. 
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A further reduction in inlet airflow to 88 kg/ 
sec-m^ (18 Ibm/sec-ft^) as shown in Fig. 0(d) re- 
sults in a significant change In the character of 
the tan tace total pressure contour map. No longer 
is the contour map es.ientially svmmetric about the 
windward -leeward plane as it is for the previous 
conditions presented. The fan lace profiles indi- 
cate the flow is separated over large portions of 
the fan face area. These two mid-dlf fuser boundary 
layer rake profiles show separated t low also exists 
at that station. 

The stress level for this Inlet airflow is 
relatively low. Even though the extent of the fan 
fjoe distortion is large, the Intensity has de- 
creased. This appears to agree with the hypothesis 
already advanced about blade stress being a func- 
tion of both cbe distortion level (intensity) and 
pattern (extent). 

The windward surface static pressure distribu- 
tion (Fig. 9) corresponding to this low airflow 
condition shows that the separation location is 
approximately at the hllite of the inlet. Although 
nut shown here, the static pressure distributions 
corresponding to $ ■ 45* and 180* also Indicate 
separated flow existed from the vicinity of the 
hllite - at those two circumferential positions. 

The vibratory stress plot shown in Fig. 8(d) 
shows an inlet airflow corresponding to separation 
reaching the vicinity of the inlet entry lip region 
and dcaignated aa LS. This occurrence waa deter- 
mined by monitoring a windward plane surface static 
pressure located approximately halfway between the 
Inlet hllite and throat locations. 

The fan blade vibratory at teas level reaches a 
maximum In broadband level when the aeparation lo- 
cation reaches the vicinity of the Inlat lip. This 
correlation between broadband stress maxima and 
aeparation location held throughout the teat matrix 
inveetigatad. It should be noted that while the 
broadband stress maxima occur idian the aeparation 
location reaches the vicinity of the inlet lip, the 
abaoluta maxima in atraaa occur at the fan apeeda 
correaponding to the incagral engine order vibra- 
tiona. 

The fact that the «epa ration location la 
atablt in that ita location can He controlled by 
tha amount of inlat airflow dMsndad by the fan sug- 
gaata that two aaparatloo boundariaa for the inlet 
are important* lhaaa two boundariaa are ahown in 
Fig. 10 aa tha boundary which describes the initia- 
tion of aeparation within tha diffuser and a second 
boundary which indicetea whan tha aeparation 


Ir indeed for an actual flight application, Che 
separation location was again stable, Che opera- 
tional envelope of the inlet .ould be significantly 
increased by allowing the inlet boundary layer to 
separate but keeping the separation location from 
reaching the vicinity of the Inlet lip. However, 
it must be borne in mind that the final determina- 
tion of the inlet fan operational envelope can only 
be made when the levels of fan blade vibratorv 
stress encountered are known. 

The fan blade vibratory stress signature dis- 
cussed was generated by reducing tl»e fan speed for 
a given model angle-of-att i r. . Such a procedure 
allowed the determination of the stress levels cor- 
responding to the various Integral engine order vi- 
brations as well as any other broadband stress max- 
Imi. 

It would be instructive to examine how the 
stress levels corresponding to the integral engine 
order vibrations vaiy with increased angle-of- 
attack. However, the extremely narrow widths of 
the integral engine order vibration peaks made such 
a determination difficult. For this reason, cross 
plots of stress level versus angle-of-atcack were 
prepared using the more easily obtainable stress 
signatures already discussed. 

Figure 11 shows the variation of Che engine 
order five (E05) stress level with angle-of-attack 
for a free stream velocity of 54 m/sec (105 knots). 
Also shown are Che appropriate fan face total pres- 
sure contours. It has already been shown Chat this 
strcaa peak waa the maximum for this free stream 
velocity. Other ttet data showed that for a ma- 
jority of teat conditimia, this atreas peak was the 
maximum ancountarad. 

Tha figure indlcatca thet the street level is 
initially low ('2-5 percent) but only increases 
slightly ('10 percent) when dlffuecr separation ini- 
tially occurs (a • 60*), Further Increaaes in 
model angle-of-attack result In a continuously i»i- 
creasing atraaa with a level of about 80 percent 
being reached at 75 degraaa. The increasing vibra- 
tory etreaa levels correspond to the aeparation 
location moving forward in the inlat toward the 
entry lip region. Thia figura also points out the 
additional inlat anglt-of-attack capability avail- 
able if the boundary layer is allnvcd to separata 
lut the aeparation location is kept downstream of 
tha vicinity of tha inlet lip. 

Aa alraady indicat ad tha available inlet opera- 
tional envelops can only be datarminad once tha fan 
blade vibratory atreas eharacteristica are known, 

Aa notad for a majority of taat conditiona, the 
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•ogine order five (EOS) strestt peak was the maxlmun 
• tress level encountered tor given operating cotidl* 
tlons (V^, a). 

With these thoughts In nind^ the acasured EOS 
•tress levels were compared to the desired inlet low 
•peed di* ign goal points and the results are shown 
In Fig. 12. (It should be recalled that the E05 
•trass occurs at a fixed fan speed which corresponds 
to an inlet airflow which varies with free streav 
velocity. ) 

The comparison indicates that the inlet /fan 
•yatem teated could operate at the design goal 
points without Incurring limiting values of E05 
•tresa. However, the stress levels encountered were 
aa high as about 80 percent of the limit value. The 
figure Indicates that the E05 stress level was the 
Klgltesl ( oi the operating point (V^ • 54 m/sec, 
a • 75*) discussed herein. 

Also shown on the figure are the two appro- 
priate aerodynamic separation boundaries which have 
already been discussed. It can be seen that the 
onset of diffuser separation would result In E05 
•treas levels of 40 percent or less. This Indicates 
that for all free stream velocities the Initial dif- 
fuser separation would be localized and thus would 
not excite the E05 vibration to Intolerable levels. 

The lip aepatatlon boundary can be seen to 
roughly agree with a limit E05 stress contour 
(o/o^^ • 100 percent) If one were estimated from 
the contours which are shown. This indicates that 
regardless of free stream velocity, the distortion 
(i.e., intensity and extent) associated with the 
forward movement of the separation location to the 
vicinity of the entry lip region excites the E05 
Vibration to near limit levels. 

Several points should he raised «dten this fig- 
ure la examinad* The aerodynamlc-aeroelastlc cor- 
relation holds only for the fan/lnlet combination 
teated. Other fan deaigns with different aerody- 
namic properties, or which have blades fnbrlcatad 
irom other materials (a.g. . composites) would be ex- 
pected to have algnlf icar.t ly different vibratory 
atreaa tolerance characteristics. Also the problama 
of inlet aerodynamic and fan aeromechanical scaling 
to expected full scale performance are currently not 
mall underacood. 

lowavar the reaulta ahown herein Indicate the 
compatibility batwaan the inlet aerodynamic and far 
blade vibratory atraao charactarlatics will bo of 
bay concom in the daatgn of a viable tilt nacelle 
VSTOL aircraft. It can alao be hypothaaltad that 
oibar VSTOL aircraft daalgna (a.g. » conflgurationa 
ampioying chruat deflecting noxxlaa) may alao oxpar- 
lamca aigoif leant vibratory atraaa lovela. 

Claarly much additional work it roqulrtd to 
idantify tha pi par aarodynamic daacriptlva param- 
atara in ordar to quantify tha fan blade vibratory 
atraaa compatibility problam. 

Summary of Kaaulta 

A acala nodal of a tilt nacella Iniat dasignad 
for tha propoatd Navy Typa A VSTOL aircraft waa 
taatad in tha NASA Lewia 9slS Low Spood Wind Tunnai. 
Tha inlat waa coupled to a 0.508 m diametar aingla 
atage fan and teated over the axpected low apead 
flight anvelopa. Tha major raauita can ba aum- 
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merlxed aa followa: 

1. Significant fan blade vibratory stress 
levela were encountered which corresponded to In- 
tegral engine order vibrations. These narrow fan 
speed band peaks corresponded to the first flatwise 
bending mode. 

2. The highest levels of fan blade stress coin- 
cided with internal boundary layer separation occur- 
ring about the windward plane of the Inlet. 

3. Stress maxima appeared to coincide with the 
boundary layer separation location reaching the vi- 
cinity of the entry lip region ot the inlet. 

4. The internal boundary laver separation Ini- 

tially occurred well downstream In the diffuser aiui 
the separation location was stable. that Is tbo 
eeparaclon location moved forward only as the Inlet 
airflow demanded by fan was decreased. A sig- 

nificant decrease In inlet alrtlow was necessary be- 
tween the initial occurrence of separation In the 
diffuser and the separation location progressing to 
the entry lip region of the Inlet. 

5. Even though Inlet aeparatlor did occur at 
various operating conditions within the low speed 
night envelope, the Inlet/fan system tested could 
operate over the envelope without trcurrlng fan 
blade vibratory stress levels in excess of the limit 
value. 
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Figure 1. - Till nacelle V/STOL aircraft. 
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Figure 2. - Tilt nacelle inlet low speed 
design goals. 
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Figure 4. - Instrumentation locations. 
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Figure 5. • Tilt nacelle inlet/fan installed in NASA-Lewis 9 X13 
foot i(M speed wind tunnel. 
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Figure 6. - Fan blade vibratory stress characteristics (first flat* 
wise bending model for Vee ' 34 m/sec (103 knots). 
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Figure 7. - Inlet aerodynamic performance and fan blade 
vibratory stress characteristics, • 54 m/sec (105 
knots). 0 • 75^. 
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Figure 10. - Tilt nacelle inlet separation boundaries for 
Veo ■ S4 m/sec (105 knots). 








Figure 11. - Variation of E05 stress level with angle-of- 
attack, V «5 • 54 m/sec (105 knots). 
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Figure 12. - Comparison of tilt nacelle inlet low specu 
design goals with expected engine order five (E05) 
stress levels. 
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